INTRODUCTION
Yeasts used to control postharvest pathogens have been shown to induce several biochemical defence responses in surface wounds of fruit (El-Ghaouth et al., 1998) . The capability to elicit these responses in fruit tissue is regarded as one of the possible mechanisms of action by which yeast biocontrol agents inhibit the development of decay (Droby et al., 2009) . Detailed information on the mechanisms of action for most of the antagonists investigated, however, is still rudimentary because of the difficulties associated with the investigation of interactions between a host, pathogen and an antagonist, as well as other resident microorganisms (Droby et al., 2009) . Although competition for nutrient and space appears to play a significant role in the biocontrol activity of yeasts, other mechanisms, including the exudation of lytic enzymes, direct parasitism and the elicitation of defence responses, have been suggested to contribute.
Antagonistic yeasts have been reported to induce several biochemical defence responses in host tissues of surface-wounded fruit. The treatment of wounds in lemons with Pichia guilliermondii, or of wounds in oranges with Candida famata, enhanced the production of the phytoalexins scoparone and scopoletin relative to untreated wounds (Arras, 1999; Rodov et al., 1994) . Candida saitoana induced chitinase (CHI) activity in apple surface wounds and caused the deposition of papillae in host cell walls (ElGhaouth et al., 1998) , whereas Aureobasidium pullulans caused a transient increases in b-1,3-glucanase (GLU), CHI and peroxidase (POD) activities (Ippolito et al., 2000) . These increases started 24 h after yeast treatment was administered and reached maximum levels at 48-96 h later, depending on the specific enzyme. The induction of resistance mechanisms in citrus fruit following the application of the yeast Candida oleophila has also been reported by Droby et al. (2009) . Castoria et al. (2003) indicated that the ability to tolerate high levels of reactive oxygen species (ROS) produced in fruit tissue in response to wounding is an essential characteristic of effective yeast antagonists. This hypothesis raised many new questions about the role of ROS in biocontrol activity. Macarisin et al. (2010) reported the stimulation of ROS production in wounded citrus fruit tissue by the biocontrol agent Metschnikowia fructicola, and suggested that ROS played a key role in biocontrol activity. They demonstrated that the yeast antagonists, C. oleophila and M. fructicola, have the ability to produce significant levels of superoxide anions in vitro and even larger amounts in and around surface wounds of fruit. They concluded that strong O 2-production by these biocontrol yeasts may act as a signal to stimulate rapid multiplication in fruit wounds (abundant in nutrients) to ensure maximal colonization within a favourable biological niche. Droby et al. (2009) suggested that ROS production by yeast antagonists, together with host ROS, may serve as an oxidative burst in wounded fruit tissue, triggering the induction of an array of host resistance responses.
ROS has been reported to serve a signalling function, mediating defence gene activation by redox control of transcription factors or by interaction with other signalling components, such as mitogenactivated protein kinase (MAPK) cascades (Zhang and Klessig, 2001) . The activation of MAPK leads to the phosphorylation of transcription factors, which, in turn, activate the gene expression involved in the defence response against pathogen invasion (Yang et al., 2001) . ROS could also mediate the generation of phytoalexins and secondary metabolites that arrest pathogen growth (Torres, 2010) , or contribute to the establishment of physical barriers via oxidative cross-linking of precursors during the localized biosynthesis of lignin and suberin polymers (Huckelhoven, 2007) .
The down-regulation of scavenging/antioxidant systems can also contribute to increased ROS accumulation (Mittler et al., 2004) . Changes in the level of detoxifying enzymes, such as superoxide dismutases (SODs), catalases (CATs) and POD, have been reported in response to many pathogens or biological agents and linked to an increase in ROS and the activation of host defences. Chan and Tian (2006) showed that the application of the yeast antagonist Pichia membranefaciens enhanced POD activity, but inhibited SOD and CAT activities, in sweet cherry fruit. When combined with the pathogen Penicillium expansum, yeast treatment increased SOD activity, but decreased CAT activity, compared with the pathogen alone, indicating that the yeast was directly involved in ROS metabolism in fruit tissue. In contrast, Monilinia fructicola stimulated the activities and expression levels of CAT and POD in peach .
In comparison with our understanding of plant responses to other stresses, such as drought, salinity, heat, chilling and pathogen attack, little is known about the molecular basis underlying the induction of host defences in response to antagonistic yeasts, or about the signalling networks involved in this response. Although several studies have been reported on global changes in fruit gene expression in response to cold stress (Maul et al., 2008) and pathogen infection (González-Candelas et al., 2010) , only a limited amount of information is available on fruit transcriptome changes associated with the application of yeast biocontrol agents (Jiang et al., 2009 
RESULTS

Analysis of changes in grapefruit peel gene expression after application of the yeast biocontrol agent M. fructicola
Microarray analysis gene changes in grapefruit peel tissue after 24 h of incubation revealed 1007 probe sets, corresponding to 830 putatively differentially expressed unigenes that showed a significant (P < 0.05) change (up or down) in expression (Ն1.5-fold). The probes obtained were hierarchically clustered (Euclidean dissimilarity, by average linkage method) according to their expression patterns (Fig. 1A) . Sixty-five per cent (650 probes) of the probes were down-regulated in the treated samples compared with controls, and 35% (357 probes) were up-regulated. Principal component analysis (PCA) was performed to validate the repeatability of microarray data across the three replications. PCA revealed marked differences in gene expression patterns among the yeasttreated and control surface wounds collected after 24 h of incubation (Fig. 1B) .
Functional analysis was applied to the identified microarray probes of citrus genes using Arabidopsis orthologues (Forment et al., 2005) and citrus ontologies (http://bioinfo.cau.edu.cn/ agriGO/index.php) (Du et al., 2010) . Five hundred and seventy of the 1007 probes had an assigned Arabidopsis orthologue. The distribution of the genes among the MapMan and AgriGO functional categories indicated that application of the biological agent, M. fructicola, to grapefruit peel wounds involved genes from several major functional categories (Fig. 1C) . Most genes (65% of annotated genes) were down-regulated by M. fructicola treatment, and only 35% were up-regulated. Only down-regulated genes fell into the category of cell cycle activities. Photosynthesis and categories associated with secondary metabolism showed more up-regulated than down-regulated genes. Catalytic activity, signalling and transport were the functional categories with the most differentially expressed genes (total of 31% of all annotated genes) (Fig. 1B) .
Transcriptional profile of grapefruit peel wounds following M. fructicola application
To further analyse the changes in gene expression in grapefruit peel tissue in response to M. fructicola application, microarray data for the probes of the significant dataset were mapped to the 
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V. HERSHKOVITZ et al. Arabidopsis biotic stress pathway using MapMan software. The data obtained from this analysis are presented in Fig. S1 and Table S1 (see Supporting Information), and Tables 1-3 summarize the changes in defence-related oxidative genes (Table 1) , the activation of genes encoding proteins with potential functions in signalling mechanisms (Table 2 ) and the changes in genes encoding enzymes involved in secondary metabolic processes (Table 3 ). Based on our previous studies (Liu et al., 2011; Macarisin et al., 2010) , the relationship between gene expression and ROS accumulation was of particular interest.
Oxidative stress
The expression profile of the genes involved in the response to stress is presented in Table 1 . Yeast application induced the expression of the oxygen transporter, cytochrome B, oxidoreductase and L-ascorbate peroxidase genes. The highest induction, about four-fold, was found in the Rbo transcript level. The level of genes corresponding to detoxifying enzymes, such as SOD, POD and CAT, however, was lower in yeast-treated wounds (Table 1) . Genes corresponding to abiotic stress were also altered by yeast treatment: wound-responsive family, germin, osmotin and coldinducible genes were up-regulated in yeast-treated relative to control wounds, whereas two groups of heat shock protein (HSP) and dehydration-responsive family member genes were downregulated (Table 1) .
Signalling pathways and pathogenesis-related (PR) proteins
The resulting dataset included 14 probes corresponding to various signalling genes ( Table 2 ). Five of these encoded genes for calcium binding, G-proteins and MAPKs, all of which were up-regulated by M. fructicola application. The other nine were down-regulated and corresponded to genes encoding for ATP binding, chlorophyll binding, transmembrane receptors and two additional calcium-binding proteins (Table 2 ). In addition, genes encoding for CHI, b-1,3-glucanase (GLU), endochitinase and trypsin protease inhibitor were stimulated by M. fructicola application (Table 2) .
Secondary metabolic processes
The data shown in Table 3 indicate that many genes involved in secondary metabolism, such as those corresponding to the phenylpropanoid pathway, were activated following M. fructicola application. A significant increase in the expression of the genes encoding for PAL, 4CL, trans-cinnamate 4-monooxygenase, chalcone-flavanone isomerase, quinate O-hydroxycinnamoyltransferase 5 and quercetin 3-Omethyltransferase (enzymes involved in lignin and flavanol biosynthesis) was observed (Table 3) . However, genes involved in the biosynthesis of other secondary metabolites, such as terpenes and anthocyanins, were down-regulated (Table 3) , as evidenced by a strong decrease in the expression of caffeoyl-CoA 3-Omethyltransferase, naringenin-chalcone synthase and terpene synthase genes. In addition, there was an increase in the expression of the gene encoding for 1-aminocyclopropane-1-carboxylic acid oxidase (ACO), a gene involved in the biosynthesis of ethylene, two auxin response-related genes and genes involved in the brassinosteroid (BR) synthesis pathway (steroid 22-a hydroxylase, C-8 sterol isomerase and BRI1 suppressor 1). All were up-regulated following yeast application. In contrast, a gene related to gibberellic acid (GA) hormone metabolism (GA requiring 3) was down-regulated (Table 3) .
Reverse transcription-quantitative real-time polymerase chain reaction (RT-qPCR) analyses of gene expression changes
To confirm the expression profiles obtained from the microarray gene expression data, RT-qPCR analysis was carried out for 10 genes selected on the basis of their biological significance. The time points included in the analysis were 2, 8, 24 and 48 h after yeast treatment (Fig. 2 ). Transcript levels of Rbo were significantly higher after 24 and 48 h following yeast application relative to the controls ( Fig. 2A) . The expression level of G-protein was higher in yeast-treated wounds at all time points relative to control wounds ( Fig. 2B ). CAT and POD expression levels, however, were lower at all time points in yeast-treated samples relative to controls ( Fig. 2C,E) . The MAPKK expression profile was similar to that found for Rbo, with a significant increase in transcript levels after 24 and 48 h in yeast-treated wounds relative to the non-treated control ( Fig. 2A,D) . Metschnikowia fructicola application also resulted in higher MAPK expression levels at 8, 24 and 48 h relative to controls (Fig. 2F) . The expression profiles of two genes involved in secondary metabolism, PAL and CHI, and a gene encoding 4CL were up-regulated to higher levels by M. fructicola application after 24 and 48 h relative to controls (Fig. 2G, I and J). In contrast, relative to the controls, the expression level of CHS was reduced by yeast treatment at all time points and exhibited a gradual decrease in expression between 24 and 48 h in both treatments (Fig. 2H) . Overall, the RT-qPCR data supported the microarray gene expression data.
Hydrogen peroxide (H2O2) level in yeast cells
Metschnikowia fructicola applied to grapefruit wounds exhibited an intense fluorescence, indicating a high level of intracellular H2O2, 5 h following the application of yeast to grapefruit wounds (Fig. 3A) ; however, this intensity decreased dramatically after 24 h and remained low at 48 h (Fig. 3B,C) . Quantification of the fluorescence signal showed that yeast cells reached their highest level of fluorescence 5 h after application to the fruit and decreased after 24 and 48 h [relative pixel intensities (rpi) of 1200 and 250, respectively] (Fig. 3D) . In contrast, yeast cells grown in nutrient yeast dextrose broth (NYDB) displayed elevated accumulation of H2O2 only after 48 h (Fig. 4) .
H2O2, superoxide anion and hydroxyl radical production in fruit
As illustrated in Fig. 5 , the application of M. fructicola to discs of grapefruit peel resulted in increased levels of H2O2 in fruit discs relative to water control peel discs, with a maximum value at 5 h after yeast application (Fig. 5A) . Superoxide anion and hydroxyl radical, however, displayed different trends compared with H2O2. Significantly higher levels of superoxide anion and hydroxyl radical in response to yeast antagonist were found after 5 h of application relative to water-treated discs. These levels continued to increase during 24 and 48 h following application relative to the basal levels in control discs (Fig. 5B,C) .
DISCUSSION
Interactions between postharvest yeast biocontrol agents and host tissue are poorly understood (Droby et al., 2009) . In this study, we used a microarray to identify global changes in gene expression occurring in grapefruit tissue following the application of the yeast biological control agent M. fructicola to peel wounds. Special emphasis was placed on the metabolic pathways involved in oxidative-related defence mechanisms, particularly those associated with early host resistance signalling.
The results of this study demonstrate that significant changes in gene expression occur in grapefruit wounded tissue in response to the application of M. fructicola. These changes include a variety of genes involved in response to biotic and abiotic stresses, signalling, defence and secondary metabolism (Fig. 1C) . These findings imply that complex biochemical and molecular processes are involved in the reaction of fruit host tissue to the introduction of yeast cells, which have the potential to influence the efficacy of the biocontrol agent.
We have proposed previously that the production of ROS by yeast antagonists may serve as a signal to trigger an oxidative burst in host tissue, leading to the activation of host defence mechanisms (Droby et al., 2009; Macarisin et al., 2010) . This hypothesis was supported by other reports demonstrating a significant increase in POD activity in harvested commodities, such as apple (Yu et al., 2008) , peach , sweet cherry (Chan and Tian, 2006) and pear (Yu and Zheng, 2007) , in response to the application of yeast antagonists used to control postharvest diseases. In the current study, a significant accumulation of ROS, including H2O2, superoxide anions and hydroxyl radicals, was observed in host tissue (Fig. 5A ) as early as 6 h following the application of M. fructicola cells (Fig. 3) . In addition, we have also shown the ability of this yeast to produce and accumulate intracellular H2O2 in cells dislodged from grapefruit peel discs as early as 5 h after coming into contact with fruit peel tissue (Fig. 3) . These findings are consistent with an earlier report by Macarisin et al. (2010) which demonstrated the intense production of superoxide anions by yeast cells shortly after application to intact or wounded apple peel tissue, with a concomitant accumulation of H 2O2 in the host fruit tissue itself. Together, these results support the assumption that ROS may play a major role in the early stages of the interaction between yeast antagonist cells and host tissue. However, other effectors, such as pathogen-associated molecular patterns (PAMPs), are likely to be involved in such interactions, and the relative role of each component is still not understood. The involvement of PAMPs in the induction of host defence mechanisms has been the subject of several studies, indicating their role in the modulation of host defences in response to pathogen attack through ROS production (Boller and Felix, 2009; Boller and He, 2009; Felix et al., 1999; Zhao and Qi, 2008) . Plant NADPH (nicotinamide adenine dinucleotide phosphate) oxidases, called 'Respiratory burst oxidase homologues (Rbo)', have been reported as a source of the oxidative burst in most plant-pathogen interactions (Torres et al., 2006) . In our microarray analysis data, we detected a significant increase in gene expression in yeast-treated wounds for a probe corresponding to Rbo (Table 1) . This was further supported by RT-qPCR of Rbo gene expression (Fig. 2) . The activation of Rbo in fruit host tissue by M. fructicola is likely to be responsible for the early increase in superoxide anion and H2O2 levels, which serve as a precursor of hydroxyl radicals shown to be increased in peel surface wounds at 24 and 48 h after the application of yeast cells. ROS accumulation in yeast-treated wounds is accompanied by a decrease in expression levels of genes encoding for ROS-detoxifying enzymes, such as SOD, CAT and POD (Table 1, Figs 2C, E and 5) . Changes in antioxidant gene expression, leading to an increase in ROS levels, and the activation of defence mechanisms have been reported to be a response to cold stress (Maul et al., 2008) , pathogen attack (Ballester et al., 2006; 2010) and biological agents . The up-regulation of additional genes related to the production of an oxidative burst (Table 1) suggests that the presence of the yeast actively contributes to the ROS level in host tissue. The balance between ROS levels and the different scavenging enzymes is considered to be crucial in determining the steady-state levels of H2O2 and O2
- (Mittler et al., 2004) . Additional research is needed to determine whether specific plant/yeast genes contribute to the ROS scavenging capacity and should be included in the ROS gene network of plant-yeast interactions. ROS contribute to the activation of plant defences by inducing changes in gene expression, either directly through the redox regulation of transcription factors or indirectly by interaction with other signalling components, such as MAPK cascades, a specific class of serine/threonine protein kinases. MAPK cascades transfer signals from upstream receptors to downstream cellular effectors, and rapid MAPK activation allows the modification of downstream signalling proteins (Zhang and Klessig, 2001) . In plants, these cascades have been implicated in typical defence responses, such as the production of PR proteins, ethylene synthesis and cell death (Yang et al., 2001) . In this regard, our study revealed the up-regulation of two genes, encoding MAPK and MAPKK, following treatment with the biocontrol yeast ( Table 2 ; Fig. 2D,F) . A similar effect on the expression of MAPK and MAPKK was reported by Jiang et al. (2009) when the yeast, Cryptococcus laurentii, was applied to tomato fruit.
In addition to the increased expression of key genes involved in the MAPK cascade, the plant defence-related genes CHI and GLU were up-regulated in grapefruit peel tissue following yeast treatment. An oxidative burst is known to induce a broad range of PR proteins. Plant PR proteins are represented by 17 protein families, including GLUs, CHIs and PODs (Van Loon et al., 2006) . PR proteins have been shown to be directly involved in plant immunity and associated with protective mechanisms (Pieterse and Van Loon, 1999) . The expression levels of PR proteins can be regulated by various stress-related situations, including wounding, salinity, chemical elicitors, hormones and UV light (Van Loon et al., 2006) . In postharvest systems, several reports have demonstrated the induction of CHI or GLU, including apple (El-Ghaouth et al., 1998) , citrus (Ballester et al., 2010; Droby et al., 2002) , peach and cherry tomato fruit (Jiang et al., 2009) , in response to the application of a biocontrol agent.
The HSPs are one of the major classes of chaperone molecules which may act as a primary defence during oxidative stress caused by pathogens by ameliorating ROS damage to proteins. In our study, however, the microarray data indicated a decrease in the expression level of genes encoding for HSPs (Table 1 ). The reason for this reduction is not known, but may be related to the maturation stage of the grapefruit. HSP has been reported to play a role in the resistance response of sweet cherry fruit at the later stages of maturity (Chan et al., 2008) . Therefore, additional experiments are needed to better understand the role of HSPs in the biocontrol of systems and resistance responses in harvested fruits.
Dehydrins are a subfamily of late-embryogenesis-abundant (LEA) proteins produced by plants in response to water, freezing and chilling stress (Borovskii et al., 2002; Hara et al., 2004) , as well as other dehydrating stresses. In our microarray data, which characterized the changes in gene expression 24 h following yeast treat-ment, we detected a decrease in dehydrin gene expression (Table 1) ; however, immediately after treatment and during the first 8 h, dehydrin gene expression was significantly elevated by biocontrol agent application (data not shown), suggesting a possible radical scavenging activity. Hara et al. (2004) reported antioxidative activity for a citrus dehydrin and suggested that this activity played an important role in adaptation to abiotic stress. Our data suggest that it may also play a role in the response to biotic stress.
The present study revealed that M. fructicola application enhanced the expression levels of PAL, trans-cinnamate 4-monooxygenase (C4H) and 4CL (Table 3 , Fig. 2G,J) , all of which are products of the phenylpropanoid metabolism pathway, which is associated with the synthesis of a wide range of plant defence compounds (Dixon and Paiva, 1995) . PAL is the first enzyme in this pathway responsible for the biosynthesis of secondary products, such as the phytoalexin scoparone, p-coumaric acid derivatives and lignins. The involvement of PAL gene expression and the synthesis of phenylpropanoid-derived compounds have been reported previously in the citrus fruit response to biocontrol agents and to the citrus postharvest pathogen, Penicillium digitatum (Ballester et al., 2006; González-Candelas et al., 2010; Mittler et al., 1999) .
The microarray data indicated an increase in expression of a gene encoding for ACO in M. fructicola-treated grapefruit peel wounds (Table 3 ). The increase in ACO, which converts 1-aminocyclopropane-1-carboxylic acid to ethylene, could explain the marked increase in ethylene production level previously observed in yeast-treated grapefruit discs (Droby et al., 2002) . In Droby et al. (2002) , ethylene production in citrus peel tissue following application of the yeast antagonist Candida oleophila was noted among several fruit responses to yeast cells, and was suggested to play a role in biocontrol activity.
Plant hormones are known to play essential roles in the plant response to stresses, and the roles of ethylene, salicylic acid (SA) and jasmonic acid (JA) in plant defence are well established. Ethylene is believed to be directly involved in pathogen resistance mechanisms (Mehta et al., 2007) . Other plant hormones, such as gibberellins, auxins and BRs, have also been associated with plant defence and microbial pathogenesis (Koornneef and Pieterse, 2008) . Our results identified an increase in the expression of two auxin response-related genes and three genes related to the BR hormone (Table 3) . It is known that the auxin signalling pathway modulates plant disease resistance both directly and indirectly (Kazan and Manners, 2009 ). The direct effects of auxin might involve interference with plant defence pathways (SA signalling), whereas indirect effects might involve changes in the progression of host-pathogen interaction caused by the effect of auxin on plant development (Kazan and Manners, 2009) .
The relationship of hormones to induced resistance processes in plants against diseases is quite complex (Nakashita et al., 2003; Yu et al., 2008) . Although changes in the expression levels of genes corresponding to ethylene, auxin and BR hormonal signalling pathways in M. fructicola-treated grapefruit peel were observed in this study, their direct involvement in resistance mechanisms is still speculative.
In conclusion, our data provide further evidence that ROS produced by M. fructicola shortly after application to fruit tissue stimulates an oxidative burst in host tissue, leading to the activation of downstream complex responses associated with host pathogen resistance. We suggest that ROS acts as a signal to activate a MAPK cascade signalling pathway that ultimately triggers different physiological responses in fruit tissue. Overall, the main molecular mechanisms related to the host response following biocontrol agent application are summarized in Fig. 6 . The significant changes in the various functional categories of genes detected following the application of yeast cells support our previous assumption on the complexity of the interactions taking place between yeast antagonists and the harvested commodity. The present study provides a detailed identification and characterization of genes and their expression in fruit tissue following the application of a yeast biocontrol agent. It would also be intriguing to study the effect of the host on the transcriptome of the biocontrol yeast cells. Having both sets of information would provide further insight into the mechanisms/processes involved in the biocontrol performance of yeast antagonists and how biocontrol efficacy can be increased.
EXPERIMENTAL PROCEDURES
Plant material and biocontrol agent
'Ruby Star' grapefruits were obtained from a local orchard and used within 24 h after harvest. Prior to treatment with the yeast, the fruits were washed with tap water and surface sterilized by dipping in 0.05% hypochloride for 2 min. Fruits used to prepare peel discs were wiped with 70% ethanol.
The yeast antagonist M. fructicola (Strain 277) was grown in a 250-mL Ehrlenmeyer flask placed on an orbital shaker for 24 h at 26°C. The growth medium was NYDB containing nutrient broth (0.8%), yeast extract (0.5%), D-glucose (1%) and chloramphenicol (250 mg/L). Yeast cells were pelleted by centrifugation at 6000 g, washed once with sterile distilled water and resuspended in sterile water to its initial volume. The cell suspension concentration was adjusted to 1 ¥ 10 8 cells/mL.
Peel disc preparation and treatment with M. fructicola
Surface-sterilized fruits were peeled and discs were cut using a 9-mmdiameter cork borer under aseptic conditions. Discs were immersed for 1 min in a water suspension of M. fructicola (1 ¥ 10 8 cells/mL) or in sterile water (control), and then transferred into Petri dishes lined with moist sterile filter paper. Treated and control discs were sampled following 2, 4, 24 and 48 h of incubation at 25°C for the analysis of ROS production, as described below.
Application of M. fructicola to surface wounds
Fruits were wounded at four sites around the blossom end using a dissecting needle. Wounds were 3 ¥ 3 mm 2 in size. Thirty microlitres of either a yeast cell suspension or sterile water (control) were pipetted into each wound and allowed to dry at room temperature. Wound sites were removed using a 9-mm cork borer under aseptic conditions after 2, 8, 24 and 48 h of incubation at 25°C and immediately frozen in liquid nitrogen and stored at -80°C for subsequent RNA preparation. Each sample consisted of fruit tissue pooled from five wounds collected from three fruits. Each treatment and sampling period within a treatment had three biological replicates.
RNA extraction and cDNA synthesis
For each biological replicate, five frozen peel discs were ground in liquid nitrogen with a mortar and pestle, and total RNA was extracted using an SV Total RNA Isolation System (Promega, Madison, WI, USA), according to the manufacturer's instructions. The quality and concentration of total RNA were analysed by gel electrophoresis and an ND-1000 spectrophotometer, respectively (NanoDrop, Wilmington, DE, USA). First-strand cDNA was synthesized with a Reverse-iTM 1st Strand Synthesis Kit (ABgene, Epsom, Surrey, UK) from 1 mg of total RNA that had been pretreated with 1.5 units of RQ1 (Promega).
Microarray of grapefruit peel transcriptome and data analysis
RNA samples isolated from yeast-treated and control peel discs after 24 h of incubation were further prepared for hybridization according to the protocols outlined in the GeneChip Expression Analysis Technical Manual, and hybridized to the Affymetrix Citrus GeneChip microarray (Affymetrix, Santa Clara, CA, USA). Hybridizations were performed at The Center for Genomic Technologies, Faculty of Natural Sciences, The Alexander Silberman Institute of Life Sciences, The Hebrew University of Jerusalem, Jerusalem, Israel. Data analysis was performed on CEL files using Partek® Genomics Suite™ (Partek Incorporated, St. Louis, MO, USA; http:// partek.com). For comparison of global gene expression in treated versus untreated samples (three biological replicates each), the array data were normalized to the mean gene expression levels with the robust multiaverage method (Irizarry et al., 2003) . The t-test was used to identify probe sets that exhibited significant changes in signal levels between treatment and control after 24 h of incubation at P Յ 0.05 and a cut-off factor of at least 1.5. Differentially expressed genes were further analysed for gene ontology functional annotations by AgriGO, a gene ontology (GO) analysis toolkit and database for the agricultural community http:// bioinfo.cau.edu.cn/agriGO/index.php (Du et al., 2010) , to perform functional categorization. To analyse changes in gene expression associated with metabolic pathways and functional classification, expression data for the probes of significant datasets were mapped to the Arabidopsis metabolic pathways using MapMan software (http://gabi.rzpd./de/projects/ MapMan/) (Thimm et al., 2004) . The microarray data were deposited at GEO (Gene Expression Omnibus) at the National Center for Biotechnology Information (NCBI) http://www.ncbi.nlm.nih.gov/geo/. The accession number is GSE31669.
RT-qPCR
Transcript accumulation of citrus genes encoding Rbo 2 (Rbo, Cit.25134.1.S1_at), POD (POD, ABG49115), CAT (CAT, ABG49115), G-protein (Cit.35804.1.S1_at), MAPKK (MAPKK, Cit.25223.1.S1_at), MAPK (MAPK, EF185418), PAL 2 (PAL, AJ238753), CHI I (CHI, AF090336.1), CHS 1 (CHS, AB009351) and 4CL (4CL, Cit.11987.1.S1_s_at) were determined using a GENE 6000 instrument (Corbett Life Science, Sydney, Australia). Gene-specific primers reported in conditions were as follows: incubation for 15 min at 95°C, followed by 40 cycles of 95°C for 15 s, 60°C for 20 s and 72°C for 20 s. Control, wounded, water-treated peel discs at 24 h were designated as the calibration point, set as unity, for the relative expression levels, which were calculated according to the comparative Ct method (Livak and Schmittgen, 2001) , with actin (ADE05307) used as an internal standard.
Determination of ROS production in fruit peel tissue H2O2 was measured in eight peel discs using the Amplex Red Hydrogen Peroxide assay kit (Molecular Probes, Eugene, OR, USA), according to the manufacturer's instructions. In the presence of POD, the Amplex Red reagent reacts with H2O2 and produces the red-fluorescent oxidation product, resorufin. Extracellular H2O2 was determined by measuring fluorescence using an EnSpire 2300 Multiabel Reader (PerkinElmer™, Turku, Finland), equipped with a 530-nm excitation and a 590-nm reading filter. The results are given as three replications of fluorescence intensity for each time point. Superoxide anion (O2 -) was measured using nitroblue tetrazolium (NBT) (Sigma-Aldrich, St. Louis, MO, USA) reduction, as described by Doke (1983) . Eight peel discs were immersed in 0.5 mL of 0.01 M potassium phosphate buffer, pH 7.8, containing 0.05% NBT and 10 mM NaN3 (SigmaAldrich) for 1 h. After removing the discs, the mixture was heated at 85°C for 15 min and cooled. The NBT-reducing activity of the discs was expressed as the increase in absorbance at 580 nm/g/fresh weight (FW). The effect of SOD on the reduction of NBT by the discs was determined by adding SOD (100 mg/mL) to the reaction solution from which NaN3 was omitted.
Hydroxyl radical (OH·)was measured by the method described by Tiedemann (1997) . Eight peel discs were immersed in 550 mL of 1 mM 2-deoxyribose (DOR) as a scavenger for 45 min of incubation. Then, 0.5 mL of thiobarbituric acid (TBA) (Sigma-Aldrich), 1% w/v in 0.05 M NaOH, and 0.5 mL of trichloroacetic acid (TCA) (Sigma-Aldrich), 2.8% w/v, were added and immediately boiled for 10 min. Finally, samples were cooled on ice for 10 min and were measured at 540 nm using an EnSpire 2300 Multiabel Reader (PerkinElmer). The results are reported as the absorbance at 540 nm/g/FW ¥ 1000.
Intracellular accumulation of H2O2 in M. fructicola
H2O2 accumulation in M. fructicola cells was examined using the fluorescent probe 2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-DA) [dissolved in dimethylsulphoxide (DMSO); Molecular Probes Invitrogen, Eugene, OR, USA), as described by Deveau et al. (2010) with slight modifications. Yeast cells were collected from treated surface wounds after 5, 24 and 48 h of incubation at 25°C under moist conditions. Cells were washed from 10 discs prepared from wounds, as described above, with 10 mL of 50 mM 2-(N-morpholino)ethanesulphonic acid (MES) buffer (pH 6.5) in 50-mL sterile conical tubes shaken at 180 rpm for 30 min on an orbital shaker.Yeast cells were then pelleted by centrifugation at 6000 g for 10 min and resuspended in 500 mL of MES containing 10 mM H2DCF-DA. The suspension was incubated in the dark for 30 min. After washing twice with MES, cells were examined by a laser scanning confocal microscope (FLUOVIEW 500, Olympus,Tokyo, Japan) as described previously (Macarisin et al., 2007) .Yeast cells grown in NYDB for 24 or 48 h were used as control, following the removal of the growth medium by centrifugation and washing with 50 mM MES. Five microscopic fields containing at least 200 cells each were randomly chosen and viewed. The quantification of H2O2 accumulation in yeast cells was expressed in rpi. There were two replicates at each time point, and the experiment was repeated three times.
Statistical analysis
The H2O2, hydroxyl radical and superoxide anion level data were analysed statistically with JMP 5.0 software (SAS Institute, Cary, NC, USA) and expressed as the mean Ϯ standard error.
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Fig. S1
Description of the mode of action in the signalling and defence processes in response to yeast antagonist (Metschnikowia fructicola) treatment of grapefruit, based on microarray analyses in MapMan software (http://gabi.rzpd./de/projects/ MapMan/) (fold change, P Յ 0.05). Table S1 Specific primers used for transcription analysis of mRNA by reverse transcription-quantitative real-time polymerase chain reaction. Table S2 Description of the genes involved in biotic stress in response to biocontrol antagonist (Metschnikowia fructicola) treatment of grapefruit, based on microarray analyses in MapMan software (fold change, P Յ 0.05).
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